Solar flares are generally agreed to be impulsive releases of magnetic energy. Reconnection in dilute plasma is the suggested trigger for the coronal phenomenon. It releases up to 10 26 J, accelerates up to 10 38 electrons and ions and must involve a volume that greatly exceeds the current sheet dimension. The Ramaty High-Energy Solar Spectroscopic Imager satellite can image a source in the corona that appears to contain the acceleration region and can separate it from other x-ray emissions. The new observations constrain the acceleration process by a quantitative relation between spectral index and flux. We present recent observational results and compare them with theoretical modelling by a stochastic process assuming transit-time damping of fast-mode waves, escape and replenishment. The observations can only be fitted if additional assumptions on trapping by an electric potential and possibly other processes such as isotropization and magnetic trapping are made.
Introduction
Solar flares release energies up to 10 26 J. Some are accompanied by coronal mass ejections having similar or greater energies (Gopalswamy et al 2005) . A large fraction of the flare energy initially appears as kinetic energy of electrons with 20 keV and higher (Saint-Hilaire and Benz 2002) . The number of accelerated electrons in a flare sometimes exceeds 10 38 . Some flares also accelerate ions up to mega-electron-volts energies with total energy comparable to electrons. It is generally assumed that reconnection in a dilute medium (corona) is the cause of the impulsiveness of the process. As the relevant current layers in the solar corona are predicted to have a thickness from an ion gyroradius up to a few metres, acceleration by processes in the current layer cannot yield the required particle flux. Thus, reconnection in the Earth's magnetotail is not necessarily a well-suited template for solar flares. Nevertheless, reconnection may be the trigger for solar flares, involving finally a large part of the active region.
Acceleration by constant electric fields, shock waves and stochastic wave-particle interactions have been discussed in the past two decades. As the electric field of reconnection with a possible parallel component capable of particle acceleration is limited to the width of the current layer (Priest and Forbes 2000) , the flux of particles is limited to a value two orders of magnitude less than observed. Shock acceleration has been observed in radio emissions and in coronal mass ejections related to flares (reviewed by Benz (2002) ). It is not clear, however, that it is essential in the primary energy release. Acceleration at the interface between reconnection jets and inflowing plasma and at the termination shocks of the reconnection jet have been proposed (Aurass and Mann 2004) . However, shocks are not easily consistent with short pulses of acceleration as seen in hard x-rays.
For these reasons, the most favoured scenario is stochastic acceleration, where particles gain and lose energy in the interaction with waves. As there are more head-on collisions than tail-on encounters, particles gain more energy on average than they lose. Stochastic acceleration amounts to a diffusion in energy and can be described by a Fokker-Planck equation:
(e.g. Petrosian et al (1994) , Park and Petrosian (1995) ). Diffusion was complemented in equation (1) with a sink term, S(p), describing the escape of electrons and a source term, Q(p), due to electron replenishment by the return current. The presently favoured scenario for particle acceleration in solar flares is transit-time damping, where waves resonantly interact with low-frequency turbulence (Miller et al 1996) . The turbulence is assumed to be the result of a reconnection event but is located in the outflow regions, thus covering a much larger volume than the current sheet. Cerenkov resonance amounts to second-order Fermi acceleration, a stochastic process that lets the particle diffuse in momentum space. The turbulence may be initiated by reconnection causing fast-mode MHD waves that cascade to a higher frequency and get absorbed by resonance interactions with particles before reaching the ion gyrofrequency. Left circularly polarized waves may come into gyroresonance with ions and accelerate them. This agrees with observations suggesting that ion species are accelerated according to their charge/mass ratio (e.g. Paesold et al (2003) , Liu et al (2006) ). None of these waves can be directly observed, thus their nature remains speculative. Other turbulence has been proposed, having an electric component parallel to the magnetic field (e.g. Arzner et al (2006) ).
Observations
Constraints on the acceleration process have recently come from the Ramaty High-Energy Solar Spectroscopic Imager (RHESSI, Lin et al (2002) ), observing solar flare x-ray and gamma-ray emissions. X-ray emission has been observed to originate in the solar corona, as well as at the footpoints of magnetic loops that connect the coronal source to the dense chromosphere below, where electrons rapidly lose their energy by collisions (figure 1). In one event, the coronal source has been observed to have down-moving and up-moving components, as predicted in reconnection jets (Sui et al 2004) . Contrary to a seminal but singular observation (Masuda et al 1994) , most hard and soft x-ray sources observed by RHESSI coincide. The coronal source may thus contain the acceleration region, where energetic electrons collide with ions during the acceleration process emitting bremsstrahlung emission. The x-ray spectrum at energies above about 15 keV is close to a power-law, and thus clearly non-thermal.
In most flares, the power-law index of the non-thermal spectrum was found to correlate with the hard x-ray flux: the more intense, the harder the spectrum (Grigis and Benz 2004) . The soft-hard-soft behaviour was recently detected also in the coronal source, indicating that it is a characteristic of the acceleration process (Battaglia and Benz 2006) . The plot of spectral index versus flux at a reference energy (figure 2, top) shows a linear relation between the spectral index and the logarithm of the flux. Grigis and Benz (2005) pointed out that this relation is mathematically equivalent to the existence of a point in the spectrum, termed pivot point, where all spectra at different times intersect, as observed in figure 2, bottom. Therefore the soft-hard-soft behaviour can be equivalently characterized by the slope in figure 2 , top, or the pivot energy in figure 2, bottom. It is not a property exclusive to stochastic acceleration. However, it is shown below that the quantitative relation between spectral index and flux severely constrains interpretations.
Modelling stochastic acceleration
Acceleration and subsequent propagation of 20 keV electrons requires densities below 10 12 cm −3 , as observed in the coronal x-ray source. Some of the accelerated particles escape from the acceleration region and precipitate to the footpoints. The footpoint x-ray spectrum is harder than the coronal source, consistent with emission by electrons losing their total energy (thick target, Brown (1971) ). The spectrum may also be shaped by transport effects, such as collisions and an electric field driven by the return current compensating the electron flux.
Acceleration by transit-time damping under the conditions observed in coronal sources has been modelled by Grigis and Benz (2006) . The coefficients D ij and F i in equation (1) are assumed to contain an acceleration term proportional to the wave energy density of fastmode waves and a collisional term due to Coulomb interactions with the ambient plasma. The coefficients have been derived by Miller et al (1996) . The equation was integrated until the solution reached equilibrium between acceleration and escape. Figure 3 shows equilibrium solutions. The initially Maxwellian energy distribution is broadened and develops a non- thermal tail. The tail is harder the higher the wave energy density and the longer the trapping time during which particles gain energy. The distribution is not a power-law in the full range but can be approximated by such a distribution in the range where it was measured in observed data (dashed vertical lines). The resulting power-law index is given in figure 3 . The easiest way to explore the soft-hard-soft behaviour is the determination of the pivotpoint energy. The simplest model of Grigis and Benz (2006) yields values of 10 keV, a factor of 2 below the observed value in coronal sources (Battaglia and Benz 2006) . The model needs to be modified. In figure 4 , threshold energies of 25 and 45 keV were introduced for escape, as may be caused by the electric field of a return current. Electrons below that energy remain in the acceleration region and get further accelerated. This modification brings the pivot point into the observed range (figure 4) for most histories, densities below about 2 × 10 11 cm −3 and temperatures of 20-30 MK. The pivot energy is influenced by the relation between turbulence and escape time in the course of a flare. This history introduces some scatter in pivot-point energy denoted by asterisks at a given temperature and density in figure 4 .
In a second test, the resulting electron distribution can be compared with observations. In figure 5 the distribution of accelerated electrons is complemented with hot thermal plasma surrounding the acceleration site. It may be heated by the acceleration process or be the result of previous acceleration. The combined bremsstrahlung emission using Bethe-Heitler crosssections is calculated and compared in figure 5 with observations. Figure 5 , right, shows an excellent fit at peak flux. Given the many free parameters, this is not surprising. The real test is based on the fact that once a good fit is established at one time and keeping the pivot point fixed at the observed value, the future and past evolution of the spectral index is given. In reality, the fit deteriorates at low spectral indices. The high threshold energy flattens the spectrum at energies below the threshold ( figure 5, left) . This indicates that the model is still too simple and requires further modifications.
Conclusions
The new RHESSI observations of hard x-rays from solar flares have been compared with models of stochastic electron acceleration. The observation of a linear relation between spectral index and logarithm of flux (thus the existence of a pivot point) was found to be a strong constraint on the acceleration model. The observations are consistent with a stochastic acceleration process causing diffusion in momentum space and allowing for electron escape and replenishment. Some discrepancies with observations exist concerning the shape of the spectrum, indicating that the acceleration process is not yet fully understood.
